Abstract An electronic nose-mass spectrometry (EN-MS) that profiles volatile compounds is a candidate device for identifying the geographic origin of cultivation of agricultural products when an adequate algorithm is derived. The objectives of this study were to apply two types of multivariate analysis, discriminant function analysis (DFA) and principal component analysis (PCA), to the volatile compounds detected by an EN-MS for the geographic classification of Chinese cabbage cultivated in Korea (42 samples) or in China (29 samples). DFA showed that Chinese cabbage from Korea were completely separable from those originating in China with 12 volatile compounds among the 151 detected. PCA revealed that Chinese cabbage data fell into two completely separable origins of Korea and China. This is the first study involving EN-MS data of volatile compounds with multivariate statistics to discriminate the geographical origin of Chinese cabbage, with further applications for other agricultural products.
Introduction
Chinese cabbage (Brassica rapa L. spp. pekinensis) has been a staple food in the East Asian countries such as Korea, China, and Japan for many centuries. In Korea, Chinese cabbage, which is called Baechu, is mostly used as kimchi, a traditional Korean fermented food, and *25.3 kg of kimchi is annually consumed by a South Korean family [1] . In South Korea, more than 2.64 million tons of Chinese cabbage was produced in 2014, and the market size of kimchi was bigger than 2.3 billion U.S. dollars in 2013 [2] . Therefore, Chinese cabbage is an economically important crop in South Korea. South Korea imports Chinese cabbage as a fresh vegetable and kimchi from foreign counties, mostly from China. Imported Chinese cabbage and kimchi are much cheaper than those of South Korean origin. Food fraud related to Chinese cabbage and kimchi has been reported almost every year, and it is no wonder that the geographical origin of Chinese cabbage is the most common target.
Volatile compounds are an easy parameter to assess to identify microbial contamination, freshness, and authenticity of agricultural food products [3] . For the quality control of food, gas chromatography (GC) is still the first choice, but it often needs time-consuming and labor-intensive pretreatments of samples. Moreover, operating conditions of GC are too specific to target compounds for successful use in a wide range of analyses. In contrast, a comprehensive method such as an electronic nose (EN) covers a broad range of volatile compounds and needs nearly no pretreatment of samples. An EN, when equipped with a mass spectrometry (MS) detector, can produce a comprehensive fingerprint of volatile compounds generally ranging (in atomic mass units; amu) from 10 to 170 even though its data cannot be used for identification of a specific molecule, which requires at least GC-MS analysis. Because of the aforementioned advantages, EN-MS has been used to distinguish the country of origin of agricultural and food products such as cheese and honey [4, 5] . Nonetheless, in vegetables such as Chinese cabbage, volatile compounds have not attracted much attention regarding quality assessment. This is because flavor compounds of this vegetable, especially volatile organic compounds, have no profound effect on the choice of the food by consumers. For this reason, volatile compounds and the EN-MS method have never been applied to discriminate the geographic origin of vegetables, particularly Chinese cabbage. Nevertheless, it is still necessary to develop a fast and comprehensive detection method for identifying the origin of Chinese cabbage due to recent concerns about food fraud, and volatile compounds are still among the promising parameters.
The ability of statistical analysis to confer confidence on outcomes of research makes it an essential method for analysis of empirical data. As a result, statistical procedures from simple to complex ones have been intensively used in studies on agricultural and food products, such as studies in the fields of food science, food engineering, and nutritional research. Among various statistical techniques, multivariate analysis (yielding statistical results on more than one outcome variable at a time) can be applied to classify individual data points and assigning them to groups. For this reason, multivariate analysis is suitable for differentiating characteristics of agricultural and food products, such as physical properties, nutrients, and the geographic origin. Discriminant function analysis (DFA) and principal component analysis (PCA) are two popular algorithms for the analysis of multivariate data. Particularly, they have been the main analytical tools for data from instrumental analyses such as spectroscopy and spectrometry. DFA is a popular classification method requiring a prior decision [6] . DFA is used for assessing spectroscopically quantified ingredients in various foods, including dairy products and grains; this situation is suggestive of the feasibility of discriminant analysis using mid-infrared spectra of food ingredient powders [7] . DFA can be utilized to examine spectroscopic data on edible oils and fats to discriminate them, and one research group demonstrated that spectroscopic methods rapidly and simply determine authenticity of edible oils and fats [8] . In one study, multidimensional food data were successfully analyzed by model-based DFA to determine food authenticity [9] . PCA is another popular multivariate statistical method mainly used for two purposes: to identify a principle component (PC) explaining maximum variation and to classify empirical data into specific groups based on PCs [6] . In contrast to DFA, PCA can be applied to samples with unknown distribution; thus, PCA has been the main tool for analysis of data obtained by mass spectrometry. PCA has been used for identification of differences between closely related mixtures of proteins via the analysis of mass spectral peptide profiles and has shown the capacity for classification [10] . The use of PCA has also been illustrated in a comparative analysis of food supplements and quality control procedures [11] and for the discrimination of commercial organic and conventional sage samples [12] . Another application of PCA is noninvasive detection of anomalies in agricultural products on the basis of spectral data acquired by means of an imaging device. PCA has been mainly used to find the optimal wavelength for separation of spectral data for damaged and normal fruits and vegetables [13] [14] [15] [16] [17] .
The aim of this study was to discriminate the geographic origin of Chinese cabbage varieties-either South Korea or China-on the basis of volatile compounds detected by EN-MS. This study also attempted to test two popular multivariate statistical methods, i.e., supervised DFA and unsupervised PCA, regarding whether they are suitable for classifying volatile compound data from EN-MS analysis of Chinese cabbage varieties of different geographic origins. This study is ultimately expected to elucidate the feasibility of volatile-compound analysis and the use of EN for discrimination of agricultural products in terms of cultivation locations with an optimal classification algorithm.
Experimental Sampling of Chinese cabbage varieties
Chinese cabbage varieties were collected at Anseong, Pyeongtaek, Asan, and Cheongju in Korea (42 samples total) and in Hangzhou, China (29 samples total) in 2011. Edible green leaves of Chinese cabbage were sealed using polybags immediately after harvesting of the plants. Chinese cabbage samples were brought to the laboratory at room temperature and then kept at -20°C for EN-MS analysis.
The EN-MS analysis
The volatile compounds of Chinese cabbage were analyzed using the Smart Nose Ò (Smart Nose SA, Marin-Epagnier, Switzerland). Chinese cabbage was crushed in a blender, and 4 g of the crushed sample was taken and sealed in a 10-mL vial. The vial containing the sample was stirred (350 rpm) and heated at 90°C for 10 min. An inside needle dynamic extraction (INDEx) system was used as an injection method for preconcentration of volatile compounds from Chinese cabbage. Ten strokes were done before insertion of the needle into the injector that was purged with nitrogen (99.999% purity). Detailed operating conditions of EN-MS were as follows: injector temperature 200°C, nitrogen purging speed 150 mL/min continued for 3 min, the detection range of the mass spectrometer 10-160 amu. The total operating time for the collection of MS data on volatile compounds from one vial was less than 22 min. Three replicates of each sample were prepared and analyzed separately. Before sample analysis, air was used as control and analyzed three times.
Multivariate statistics DFA DFA [6] is generally used for two purposes. First, DFA can classify an individual into one of two or more populations. This technique is a supervised data analysis, meaning that each individual belongs to known populations. Then, the analysis can be used for predictive purposes to classify future data whose membership is unknown. Second, DFA is also used to identify the variables that significantly contribute to the classification of data. Theoretically, DFA [6] finds a set of linear combinations of predictors that best differentiate the groups, whose values are close enough within groups but as far apart as possible between groups. The linear combination is used to predict group membership and to evaluate expected error rates. Because DFA is a supervised data analysis, prior information about actual group membership is necessary to estimate discriminant functions. In other words, previously known information is used to establish the criteria for assigning new data to a class separated by the DFA function. In two-group discrimination, a linear discriminant function is expressed by Eq. 1.
where C j is the weight assigned to variable j, x ij is the value of the jth variable for the ith individual, and y i is the discriminant value (DFA score) for the ith individual. Thus, the analysis, in this case, finally is aimed at estimating a coefficient that minimizes the number of misclassifications and successfully distinguishes the targets of interest.
PCA PCA [6] is, in fact, a technique for reducing dimensionality of data by rotating the data to have the maximum variations; this approach essentially transforms a set of correlating variables into uncorrelated variables. This approach is an unsupervised method that can be applied to data whose distribution is unknown. As mentioned above, there are two main purposes of PCA, particularly in the field of agricultural and food studies. First, PCA is aimed at identifying the significant factor that can explain most data variations and at classifying experimental data into specific groups based on PCs. Theoretically, PCA seems to be similar to DFA. The uncorrelated variables are created by linear combinations of the original variables called principal components (PCs) (Eq. 2).
where a ij is the coefficient, x i is the value of the ith individual, and C i is the ith principal component for the ith individual.
The coefficient [6] 
Statistical analysis
All the multivariate analyses, including DFA, PCA, cluster analysis (CA), and linearly regressed slope comparison were performed in the SAS statistical software package (version 9.2, SAS Institute Inc., Cary, NC, USA). In general, data with a p value\0.05 were considered significant.
Results and discussion

DFA
Among all the molecular weights (MWs) ranging from 10 to 160 amu for volatile compounds in Chinese cabbage varieties, DFA showed that MWs between 130 and 160 amu may be significantly important for distinguishing Chinese cabbage varieties originating from South Korea and China ( Figure 1 illustrates the aforementioned classification ability by means of a MW and 12 MWs represented by DFA-scoring frequency distribution. Because the area of the overlapping region between normal-distribution curves means the risk of incorrect classification, a chance of misclassification is almost negligible. In addition, the wider distribution for Chinese cabbage from South Korea than for one from China was consistent with the larger sampling area in South Korea than that in China (samples were collected only in Hangzhou). In addition, this difference in the sampling area may explain the misclassification of a Chinese cabbage variety from South Korea, suggesting that Chinese cabbage cultivated in a broader area may require a greater number of volatile compounds for adequate classification performance of the EN with multivariate analysis. Figure 2 shows clear separation of two cabbage varieties by a zero-vertical line in a plane, confirming the above DFA result. Because the plane was constructed by two most significant DFA functions derived from top 12 MWs in Table 1 , Fig. 2 shows the result identical to the one shown in Fig. 1 . One data point, a Chinese cabbage sample from South Korea, located on the left side of the zerovertical line, corresponds to the data that were not correctly distinguished by means of one most significant MW (MW 146 amu), but this problem was corrected by increasing the number of compounds as already mentioned. Because the EN is not affected by the number of compounds to be analyzed but rather takes a fingerprint of the target material, increasing the number of volatile compounds is not an issue, suggesting that a sufficient number of volatile compounds can be used for the perfect classification of Chinese cabbage by its geographic origin. 
PCA
Because the sorting procedures for agricultural and food products are generally performed without preinformation on classification, an unsupervised statistical analysis may often be necessary [18] . PCA was performed to classify Chinese cabbage varieties using the same data used for DFA and to test whether unsupervised methods can yield the same classification results as supervised DFA. First, the most important PC was analyzed based on its eigenvalue and showed that MWs ranging from 117 to 150 amu had a higher eigenvalue than the others, indicating that these volatile compounds were the main determinant explaining most variations in the data (Fig. 3) . This result is consistent with DFA because the above range includes the top 12 MWs identified by DFA. Figure 4 shows the data distribution in the plane composed of the two main PCs. Linear regression analysis clearly showed two different slopes fitting the Chinese cabbage varieties from South Korea (slope = 0.55) and from China (slope = 3.71). The slopes were significantly different (p \ 0.05), suggesting that they represent two completely different categories. Therefore, Chinese cabbage varieties from South Korea and China can be successfully sorted by PCA: the same result was obtained by DFA. Particularly, this PCA result additionally indicated that the EN may be useful for classifying bulk samples without preclassification information because it can easily capture a fingerprint of volatile compounds.
Interpretation of the two types of multivariate analysis
The identical results obtained by the two main statistical methods highlighted the suitability of volatile compounds for the discrimination of the Chinese cabbage varieties cultivated either in South Korea or China. Additionally, it appears that both statistical algorithms are suitable for analysis of data on volatile compounds obtained by means of the EN for separating samples according to their country of origin. In particular, because DFA and PCA are supervised and unsupervised methods, respectively, the result suggests that a volatile-compound-based classification can be used both for confirming classified samples and for classifying blinded samples.
In a real process of sorting of agricultural and food products, the EN may help to identify Chinese cabbage varieties from South Korea labeled as Korea-produced, and this method can be also employed to identify Chinese cabbage varieties in bulk and mixed-origin samples. To fully exploit the EN, an adequate data analysis algorithm is necessary. For example, a simple ANOVA is widely used for analyzing food experimental data and for comparing control and experimental groups [19] . Nevertheless, ANOVA cannot provide meaningful results when it is applied to data containing a large number of variables, i.e., MWs of volatile compounds in this study. Indeed, we tried ANOVA for comparing MWs in both Chinese cabbage varieties. ANOVA showed that 121 of 160 volatile compounds were present in different patterns in both cabbage varieties (p \ 0.05), suggesting that ANOVA was not applicable to the sorting of Chinese cabbage varieties by their origins because excessive numbers of MWs are significantly different in both groups. Instead, our results clearly indicate that DFA and PCA are suitable for categorization of Chinese cabbage varieties on the basis of the identified effective MWs among whole compounds with a large dataset. For additional proof, CA was performed and the result was consistent with the above two analyses (DFA and PCA). CA [6] is a classification method that assigns observations into clusters by minimizing intragroup distances and maximizing intergroup distances so that the observations from the same group are more similar to one another than objects from different groups. CA has been used to identify dietary clusters based on the consumption of food groups [20] , while habitual food consumption was analyzed successfully by CA for the discrimination of dietary exposure [21] . In the present study, root mean squared distance was much greater between Chinese cabbage varieties from South Korea and China than between Chinese cabbage varieties from the same country, confirming that Chinese cabbage varieties cultivated in South Korea and China were two different clusters.
The EN and volatile compounds
There are some studies that used both DFA and PCA for the analysis of volatile compounds detected by EN-MS to determine the geographic origin of food products such as olive oils [22] , Emmental cheese [4] , and honeys [5] . These data are suggestive of broad applications of EN-MS along with adequate analytical algorithms to problems with food origin. Even though there are some similar studies as mentioned above, this study seems to be the first to apply EN-MS to the discrimination of vegetables by their origin. Particularly, because volatile compounds have rarely been used for evaluating the quality of Chinese cabbage varieties, in this study, we propose their utilization as a standard for the sorting of Chinese cabbage by geographic origin. In future, various vegetables whose geographic origin has been frequently faked need to be studied for rapid and accurate identification of the origin. The accuracy of the geographic origin determined by the EN may slightly depend on the number of volatile compounds and the types of target foods. In this context, an EN's detection ability largely depends on how effectively it enriches volatile compounds, i.e., how effective the injection method is. For this reason, there are no specific limitations on the use of an EN for sorting agricultural and food products as long as a powerful injection method is used. In addition, the EN has great advantages such as short time of sample preparation (20-25 min per sample), and no need for pretreatment; these properties ensure its ubiquitous applications to agricultural products.
The method of EN-MS analyzes volatile compounds ranging from 10 to 160 amu among metabolites in Chinese cabbage. Thus, this method sometimes cannot capture all characteristics of a sample being analyzed. Metabolomes of agricultural products are known to be affected by genetic properties, i.e., variety. Nonetheless, a low-molecularweight metabolome (less than 160 amu) can characterize the metabolism in the target food products, and the development of a metabolome is thought to depend on the geographic features, including microorganisms and pests, and the types of fertilizers as well as soil components, precipitation, and temperature. Therefore, it is possible that Chinese cabbage can be separated by its origin. Of course, because of some factors affecting the characteristics of Chinese cabbage such as climatic conditions, it is not clear whether sample data from different cultivation years have long-term compatibility. Hence, it is necessary to continuously collect the data obtained from different field bases so that EN-MS can be successfully applied to the analysis of origins and characteristics of various agricultural and food products.
In this study, Chinese cabbage varieties with two cultivation sites (South Korea and China) were used, and the total number of samples was 71. For further validation of the EN, a follow-up study may be necessary with a larger number of samples from various vegetables and fruits. In addition, because safety and country of origin of agricultural and food products have become important issues, the development of a novel sorting process combining EN and other detection methods for quantification of material properties (e.g., an imaging process) may effectively provide comprehensive information to consumers.
In conclusion, this is the first study that uses an EN to classify a vegetable (Chinese cabbage in this study) by its country of origin with a test by an optimal statistical algorithm for the analysis of volatile compounds detected by means of an EN. Consistency among the results obtained by different statistical methods enables the EN to classify Chinese cabbage varieties by their geographic origin, suggesting that the statistical algorithms used in this study are applicable to the analysis of EN data. Thus, we can conclude that the EN can identify the place of origin on the basis of volatile compounds when used with a suitable statistical tool. In future, it may be necessary to use the EN with the multivariate analysis for identifying geographical origin of Chinese cabbage from unknown samples from various regions.
